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Measurements of mass-selected ion-current and threshold photoelectron spectra of jet-cooled 
aniline-Ar, van der Waals complexes (n = 1 and 2) have been carried out with a two-color 
resonantly enhanced multiphoton ionization (REMPI) technique using a high-resolution 
threshold photoelectron analyzer developed in this laboratory. From our ( 1 + 1’) REMPI 
experiments via the respective excited S, states, we have obtained photoelectron spectra with 
well-resolved vibrational progressions due to “low-frequency van der Waals modes” of the 
cations; vvdw = 16 cm-’ (n = 1) and vydW = 11 cm - ’ (n = 2). From Franck-Condon 
calculations, we have assigned these low-frequency vibrations to the “van der Waals bending” 
of the cations. We have also found that the angles of the van der Waals bonds in the cations are 
changed by 8.2 (n = 1) and 8.8 (yt = 2) degrees with respect to the S, states. The adiabatic 
ionization potentials (1, ) of aniline and the aniline-Ar, complexes (fi = 1 and 2) have been 
determinedas62268&4cm-* (aniline),62 157+4cm-’ (n= l),and62049*4cm-’ 
(n=2).TheirshiftsAI,arelllcm-‘(n=l)and219cm~’(n=2)withrespecttoaniline. 
Spectral shifts due to complex formation have been observed for a total of 13 ring modes of the 
cations. 
I. INTRODUCTION 
Molecular clusters or van der Waals complexes pro- 
duced in a supersonic jet have recently attracted much inter- 
est in physical chemistry,’ since these complexes are “inter- 
mediate states” between the gas phase and the condensed 
phase. Most laser spectroscopic studies of molecular clusters 
have been carried out with two techniques called resonantly 
enhanced multiphoton ionization (REMPI) and laser in- 
duced fluorescence (LIF) to study their neutral excited 
states. 
The combination of REMPI with photoelectron spec- 
troscopy makes it possible to perform excited-state photo- 
electron spectroscopy in which photoelectrons are ejected 
from resonant intermediate states. With REMPI photoelec- 
tron spectroscopy, therefore, it is possible to obtain spectro- 
scopic information about ionic states which are produced by 
ionization transitions from resonant excited states (vibra- 
tionally and rotationally resolved) .2,3 REMPI photoelec- 
tron spectroscopy is a powerful tool for studying the cations 
of jet-cooled van der Waals complexes, since a specific van 
der Waals species can be selected out of many other analo- 
gous species in the laser excitation process. In early REMPI 
photoelectron studies in this laboratory, several hydrogen- 
bonded complexes (phenols and 7-aza-indoles) 4 as well as 
the Ar-NO van der Waals complex5 have been studied 
along these lines. Very recently, a high-resolution REMPI 
threshold photoelectron spectroscopy has been applied in 
this laboratory, to the study of “cation vibrational spectros- 
copy” of some organic rotational isomers as well as the Ar- 
NO van der Waals complex, by using a compact and high- 
resolution ( l-2 cm - ’ ) threshold photoelectron analyzer.6,7 
Laser threshold photoelectron spectroscopy, which is 
the same as very high-resolution zero kinetic energy 
(ZEKE) photoelectron spectroscopy developed by Schlag 
and his co-workers,’ makes it possible to obtain much more 
accurate and detailed information about molecular cations 
when compared with the traditional time-of-flight (TOF) 
technique of measuring photoelectron kinetic energy. The 
ZEKE technique has been applied by Chewter et aZ.* to de- 
termine the ionization potential of the benzen+Ar complex. 
Under such circumstances, we considered it interesting 
to study “vibrational spectroscopy” of anilin*Ar, van der 
Waals cations (n = 1 and 2) by application of a two-color 
REMPI technique. This technique, which uses two pulsed 
lasers (the excitation laser hv, and the ionization laser hv, ) 
has the following advantage@*’ : ( 1) specific van der Waals 
species can be selected from a mixture of analogous species 
by tuning hb, to a resonant excited state and then subse- 
quently ionizing that species with the second laser (hv, ) to 
produce photoelectrons due only to the corresponding ca- 
tion; (2 ) for each van der Waals species, many of its vibronic 
levels can be selected as intermediate states, so that different 
kinds of Franck-Condon allowed vibrational progressions 
of cations are observable; (3) threshold photoelectrons can 
be collected as a function of hv,, so that the energy axis of the 
spectrum is determined by the laser wavelength. 
Experimental descriptions of the potential surface near 
its minimum may be derived from photoelectron measure- 
ments of low-frequency van der Waals vibrations. Such stud- 
ies may be important for microscopic understanding of ion- 
molecule reactions in the sense that van der Waals cations 
are models as transition states. 
Recently, Bieske et aZ.g*‘O have studied van der Waals 
vibrations of aniline-Ar, van der Waals complexes in the 
excited S, states using a mass-selected REMPI technique. 
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For the aniline-Ar complex (n = 1)) they have observed a 
REMPI excitation spectrum showing the following three 
kinds of van der Waals vibrations in the S, state: namely, the 
symmetric bending, the asymmetric bending, and the 
stretching (denoted as b,, b,,, and s,, respectively) .9 For the 
aniline-Ar, complex, they have observed two kinds of van 
der Waals vibrations attributed to the symmetric stretching 
and the in-phase bending (denoted ass, and b,, respective- 
ly).‘O 
According to a recent LIF rotational analysis by Ya- 
manouchi et al.,” the geometrical structure of the aniline- 
Ar complex (n =- 1) in the ground state is as follows: ( 1) the 
Ar atom is situated approximately over the center of mass of 
aniline; (2) the van der Waals bond length in the ground 
state (So ) is 3.50 h;, which is shortened by 0.08 A in the S, 
state. 
In the present paper, we report well-resolved van der 
Waals vibrational progressions of the aniline-Ar, cations 
(n = 1 and 2). On the basis of Franck-Condon calculations, 
we also discuss vibrational assignments of the threshold pho- 
toelectron spectra due to the van der Waals cations as well as 
geometrical changes that occur between the neutral S, states 
and the ground-state cations. 
II. EXPERIMENT 
The laser photoelectron apparatus used here is essential- 
ly the same as that described previously.6*7 The apparatus 
consists of a main vacuum chamber pumped by a 10 in. diffu- 
sion pump fitted with a liquid nitrogen trap, a sample inlet 
system with a pulsed nozzle producing a free jet, a two-color 
laser system, a threshold photoelectron analyzer, a TOF 
mass analyzer, and a data acquisition system. A block dia- 
gram of the experimental setup is shown in Fig. 1. The 
threshold photoelectron analyzer (TPA) and the time-of- 
flight mass analyzer (TOF-mass) are shown schematically 
in Fig. 2 on the left and right sides, respectively. 
The threshold photoelectron analyzer is a deflection 
type, which has been designed and developed in this labora- 
tory.’ The principle of collecting threshold photoelectrons is 
the following: threshold photoelectrons, produced initially 
Amp Boxcar 
Nd-YAG 
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FIG. 1. A  block diagram of the experimental setup used for two-color 
REMPI threshold photoelectron spectroscopy. 
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FIG. 2. A  schematic drawing of the threshold photoelectron analyzer 
(TPA) and the TOF mass analyzer (TOF-mass) used in the present work. 
P, and P2 are electrodes to extract threshold photoelectrons and ions. ED 
and ID are deflectors for energetic photoelectrons and ions, respectively. 
DT is a drift tube and E M  is an electron multiplier. N is a pulsed nozzle. 
under field-free conditions, are collected by applying an ex- 
tracting pulsed electric field across a set of two plates (PI 
and P2) approximately 500 ns after each laser shot. The 
threshold photoelectrons are then detected using an electron 
multiplier (Murata, Ceratron). In this way, an energy reso- 
lution of 2 cm - ’ [full width at half-maximum (FWHM) ] 
has been obtained for the NO molecule when it is ionized in a 
(1 + 1’) REMPI process via the A 22 + state (u’ = 0, 
N’ = 7).7 
The TOF mass analyzer is a Wiley-McLaren type12 us- 
ing a field-free drift tube of 20 cm. Ions were mass-selected 
and detected by another electron multiplier (Ceratron). The 
resulting mass resolution was sufficient to separate the van 
der Waals complexes studied: aniline (93 a.u.), aniline-Ar 
( 133 a.u. ), and aniline-Ar, ( 173 a.u.) . 
Two dye lasers (PDL-3, Quanta Ray) pumped by a Nd- 
YAG (GCR-3, Quanta Ray) laser were used in the present 
two-color REMPI experiments. One dye laser output (Ki- 
ton Red) was frequency doubled and the other output (C- 
500) was mixed with the fundamental line of the Nd-YAG 
laser. These two outputs were used as the excitation laser 
(hv, ) and ionization laser (hv, ) . The two-color ( 1 + 1’) 
REMPI process studied is expressed by 
M(S,, u” = 0) + hv, -+M*(SI,u’) + hv, 
-M+(D,,u+) +e-. 
Namely, aniline and the aniline-Ar, complex (n = 1 and 2) 
in the ground state are excited by hv, to a specific vibrational 
level U’ in the S, excited state, and then subsequently ionized 
by hv,. By fixing hv, at a particular wavelength, we can 
select a specific molecular species from a mixture of aniline 
and thl: &nili&Ar, complexes. By scanning the wavelength 
of the second laser (hv, ), we can thus observe a “pure pho- 
toelectron spectrum” originating from the specific molecu- 
lar species. 
-*iSS’%&&gth cafibr&ions for the two dye lasers were car- 
ried out with an Ar/Fe hollow cathode lamp (Hamamatsu 
Photonics). Although experimental errors in I, are written 
as *4cm-’ in the present paper (because of a photoelec- 
tron bandwidth of 8 cm- ’ ), the accuracy of the photoelec- 
tron peak position is within k 1 cm- ‘. 
By introducing a gaseous mixture of aniline and argon 
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through a pulsed nozzle, the aniline-Ar, complexes were 
produced in the resulting free jets. The argon also served as a 
carrier gas (at a backing pressure of 2 atm) . 
Ill. RESULTS AND DISCUSSION 
A. Mass-selected multiphoton ionization (MPI) 
ion-current spectra 
Figure 3 shows a mass-selected two-color MPI ion-cur- 
rent spectrum showing several peaks due to the S, origins of 
the aniline-Ar, van der Waals complexes (n = 1 and 2) 
produced in the free jet. In measuring this spectrum, the 
wavelength of hv, was fixed at 532.00 nm to keep the total 
energy (hv, + hv, > lower than the adiabatic ionization po- 
tential of aniline, which was determined to be 
1, = 62 268 t 4 cm- ’ from the present work (see also Sec. 
III C). 
The spectrum shown in Fig. 3 is essentially the same as 
that reported by Bieske et al.,’ except for the strongly ob- 
served band due to the aniline S, origin. The peak appearing 
at - 54 cm- ’ (lower than the aniline S, origin band) may 
be assigned to the S, origin of the aniline-Ar complex. The 
spectral shift of the aniline-Ar peak is in reasonable agree- 
ment with that reported by Bieske et al9 The two peaks 
appearing at 22 and 40 cm - ’ (higher than the aniline-Ar S, 
origin) have been assigned to b A and a superposition of b 2 
andbs, respectively. The geometrical parameters of the van 
der Waals bond of the aniline-Ar complex are shown sche- 
matically in Fig. 4. 
According to Bieske et al., ‘I the peak due to the van der 
Waals stretching mode (& ) is 49 cm - ’ higher than the 
aniline-Ar S, origin. (In Fig. 3, the corresponding peak is 
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FIG. 3. The mass-selected MPI ion-current spectrum of a jet-cooled ani- 
line-Ar complex indicating the complex formation between aniline and Ar. 
The S, origins of the aniline-Ar, complexes (n = 1 and 2) are shown with 
respect to the S, origin of aniline (34 03 1 cm - ’ ) . 
Z 
FIG. 4. Geometrical parameters of the aniline-Ar van der Waals complex. 
aniline-Ar, complex appears at - 109 cm- ’ (lower than 
the aniline S, origin) in Fig. 3. Our value of - 109 cm- ’ is 
also in agreemeAt with that reported by Bieske et al.gT’o 
B. TOF mass spectra 
Figure 5 shows three TOF mass spectra observed in the 
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FIG. 5. TOF mass spectra due to (a) (aniline) + ; (b) (aniline-Ar) + ; and 
(c) (aniline-Ar, ) + , which were obtained by tuning hv, to the S, origins. 
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was tuned to the& origins of aniline, the aniline-Ar, and the 
aniline-Ar, complexes. Spectrum (a) in Fig. 5 shows only a 
single peak corresponding to the (aniline) + cation, while 
spectrum (b) shows a weak peak due to the (aniline-Ar) + 
cation and a strong peak due to the (aniline) + cation. Spec- 
trum (c) in Fig. 5 shows three peaks corresponding to the 
three cations (aniline) + , (anilin*Ar) + , and 
(anilin*Ar, ) +. From these TOF mass spectra, it can be 
concluded that the aniline-Ar and aniline+Ar, complexes in 
the S, states are ionized to the bound states of their cations. 
Spectrum (c) in Fig. 5 was obtained with a loose focal lens to 
obtain a sufficient intensity for (aniline-ArZ ) + showing 
considerably broad bands. 
C. Threshold photoelectron spectra 
Threshold photoelectron spectra of aniline and the ani- 
lin*Ar, (n = 1 and 2) complexes, obtained from the two- 
color (1 + 1’) REMPI experiments via the S, origins, are 
shown in Figs. 6 (a), 6 (b) , and 6 ( c) . Each spectrum exhibits 
vibrational peaks that arise from vibronic transitions to the 
respective cationic states in the region below the 1700 cm- ’ 
ion internal energy. All the vibrational energies deduced 
from the threshold photoelectron spectra are summarized in 
Table I. 
In Fig. 6, correlations of vibrational bands among the 
three spectra (a)-(c) are shown by broken lines, indicating 
that each vibrational band of (aniline) + is divided into sev- 
eral subbands in the van der Waals cations (aniline-Ar, ) + 
(n = 1 and 2). The vibrational energies of the (aniline) + 
cation are little perturbed by the attachment of Ar atoms. 
The band splittings observed in the van der Waals cations are 
due to combination of the (aniline) + vibrational mode with 
some low-frequency van der Waals vibrational modes. This 
point will be discussed later. 
The threshold photoelectron spectrum of aniline in Fig. 
6 (a) is essentially the same as the TOF photoelectron spec- 
(cl x3 4 
I I I 
0 lob0 
ION INTERNAL ENERGY (cm-l) 
FIG. 6. Threshold photoelectron spectra of aniline and the aniline-(Ar), 
van der Waals complexes (n = 1 and 2), obtained by two-color ( 1 + 1’) 
REMPI via the S, origins of (a) aniline; (b) the anilin+Ar complex; and 
(c) the anilin+Ar, complex. 
trum reported by Meek et al., l3 although the spectral resolu- 
tion in the present work is much higher. The (aniline) + 
vibrational energies obtained in the present work are much 
more reliable compared with those of TOF photoelectron 
spectra. The vibrational assignments of the (aniline) + ca- 
tion, indicated in Fig. 6 (a), are made mainly on the basis of 
the paper of Meek et aLI3 
From the origin (0 + ‘) bands of spectra (a)-(c) in Fig. 
6, the adiabatic ionization potentials (1, = hv, + hv, > have 
been determined as 
1, (aniline) = 62 268 + 4 cm - ‘, 
1, (aniline-Ar ) = 62 157 -& 4 cm - ‘, 
1, (aniline-Ar, ) = 62 049 + 4 cm - ‘. 
The spectral shifts in I,, as compared with the shifts in the 
S, -So excitation energy, are summarized in Table II. 
Yamanouchi et al.,” who observed the S, -So transi- 
tion energies of some aniline-(rare gas) van der Waals 
complexes, have suggested that the spectral shift SY may be 
written as 
av = hind + SVdis , (1) 
where Svind represents the spectral shift due to dipole-in- 
duced dipole interaction and SVdis is the shift due to disper- 
sion interaction. Both interactions are expected to be pro- 
portional to the polarizability of the attached rare gas atoms. 
According to Amirav et al., l4 the dominant contribution in 
Sv is Svdis, while Svind is about 5% of the total spectral shift. 
Our spectral shifts in 1, are almost twice as much as 
those in the S, -So transition energies.g*10 The increase in 
Sv may be explained by the increase in Svind since Svind in the 
cation states is expected to be larger compared to those in the 
neutral So and S, states. In the cations, &vi”,, is considered to 
be comparable to Svdis . 
As seen from Table II, the 1, shift of the anilin+Ar, 
complex (2 19 cm - ’ ) is almost twice as much as that of the 
aniline-Ar complex ( 111 cm - ’ ) . This fact strongly suggests 
that the (aniline) + component is “planar.” If the 
(aniline) + component has a nonplanar structure, the inter- 
action of the (aniline) + component with the first Ar should 
be more or less different from that with the second Ar. 
Therefore, we may expect a breakdown of the additivity law 
in the 1, shifts. 
This is also supported by the fact that the REMPI 
threshold photoelectron intensity due to the (aniline-Ar) + 
inversion mode (denoted as ‘I+ ” in Fig. 6 and Table I) is 
very weak. Therefore, the molecular geometries about the 
amino group in the (aniline+Ar, > + cations are almost the 
same as those in the neutral S, states. The geometrical struc- 
ture of aniline in the S, state has been indicated to be planar 
from an analysis of the inversion potential function by Hol- 
las et al. l5 As a result, we conclude that the (aniline) + cpm, -._ ~.. _ 
ponent has a planar geometry. 
f 
In the threshold photoelectron spectra of the aniline- 
Ar, complexes (n = 1 and 2), we have observed low-fre- 
quency vibrational progressions whose frequencies are .16 
cm-1(n=1)and11cm-1(n=2).FromFranck-Condon 
calculations, we have assigned these low-frequency vibra- 
J. Chem. Phys., Vol. 96, No. 9,1 May 1992 
Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
Takahashi, Ozeki, and Kimura: Vibrational spectra of aniline&, 
TABLE I. Observed vibrational energies and vibrational assignments for (aniline) + and (aniline-Ar, ) + 
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L Internal energies of the cations. 
b Based on Ref. 13. 
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TABLE II. Observed spectral shifts (cm - ‘) or aniline-Ar, complexes 
(n = 1 and 2) with respect to aniline. 
D. The van der Waals vibration of (ariiline-At)+ 
Molecular species AU, -so )” Qb 
--;-- The three photoelectron vibrational progressions due to ----.1- -- -.-c*. 
the (a%?iiin~r;r>‘~omplex cation, which were obtained by 
two-color ( 1 + 1’) REMPI via the S, vibrational levels O”, 
b :, and b z, are shown in an expanded scale in Fig. 7. Each 
vibrational progression exhibited a vibrational spacing of 16 
cm - i According to Bieske et aZ.,9 the van der Waals vibra- .l, 
tional modeslbf the aniline-‘Aicomplex in the S, state are 49 
cm-’ (s,), 22cm-’ (b,), and 19 cm-’ (by). 
Aniline 0 0 
Aniline-Ar 54 111 
Anilin*Ar, 109 219 
“Spectral shifts in the S, +S,, excitation energy., 
bSpectral shifts in the ionization potential. 
tional modes to the van der Waals “symmetric bending” 
(b,+) and “in-phase bending” (b ,z ) mode in the 
(aniline-Ar ) + and (aniline-Ar, ) + cations, respectively 
(see later discussion). 
In the (aniline-Ar) + threshold photoelectron sped- 
trum in Fig. 6(b), it should be pointed out that the Franck- 
Condon pattern of the van der Waals mode b ,’ in the “mode 
12 + ” vibrational band is different from the Franck-Condon 
patterns in the other modes. This should be due to a superpo- 
sition of the 985 cm - ’ band .( 12 + ‘> and the 999 cm - ’ band 
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FIG. 7. Threshold photoelectron spectra of the.anik&Ar van der Waals 
complex near the adiabatic ionization thresholds, which were obtained by 
two-color (1 + 1’) REMPI via the following three vibrational levels in the 
S, state: (a) 0’; (b) b:; and (c) b:. 
Since the anilin+Ar complex should have at least C, 
symmetry, the possible candidates for the 16 cm- * vibration 
are s,+ ‘, b ,’ i, and b ,’ *. If the 16 cm- ’ vibration is due to 
s+‘orb + *, the change in the vibrational frequency between 
tie two itates is too large. In addition, in many cases the 
Franck-Condon active vibrational modes in the final ionic 
state are the same as the vibrational modes in the initial neu- 
tral state. For these two reasons, the 16 cm- ’ vibration may 
be safely assigned~tothe van der Waals vibrational mode b ,’ 
of the (aniline-Ar) + cation. 
The photoelectron Franck-Condon patterns in Fig. 7 
should provide important information about structural 
change on photoionization. In the present work, we have 
found that only vibrational mode b,f is Franck-Condon 
active in the (aniline-Ar) + cation. Therefore, the structure 
must be changed along the b ,’ coordinate upon photoioni- 
zation. In order to estimate the structural change, we carried 
out simple Franck-Condon calculations using a one-dimen- 
sional harmonic oscillator. We assumed that the normal co- 
ordinate QbX is related to the A4 coordinate by the following 
expressionr” : 
Qtx = (/d1’*A4, (2) 
where,ubX is the reduced mass and 4 is the angle between the 
benzene ring and Ar (see Fig. 4). On the basis of the avail- 
able ,ubx value,” we carried out Franck-Condon calcula- 
tions using the following expression: 
Q2 =Ql, +D, (3) 
where Q 6z and Q f, represent the normal coordinates along 
b, of the (aniline-Ar) + cation and the aniline-Ar S, state, 
and D represents the displacement along the b, coordinate 
between these two states. 
Franck-Condon calculations were carried out to repro- 
duce the three photoelectron vibrational progressions (a)- 
(c) shown in Fig. 7. The calculated Franck-Condon pat- 
terns are shown to compare with the experimental ones in 
Fig. 8. In the present calculations, we have used a value of 
D = 1.58, which was chosen so as to reproduce the experi- 
mental Franck-Condon pattern (a) in Fig. 8. The calculat- 
ed Franck-Condon patterns (b) and (c) in Fig. 8, which 
were obtained with the same D value (1.58), are in good 
agreement with the experimental ones. Therefore, these cal- 
culated results with this D value support our assignments of 
the vibrational progressions (Fig. 7). This D value ( 1.58) 
gives rise to a structural change of A4 = 8.2q but it is impos- 
sible to determine the sign of A4 from the calculations. fn the 
overall REMPI process, the photoelectrons originate from 
the highest occupied molecular orbital (HOMO) l6 charac- 
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Cl Obs. 
FIG. 8. A  comparison of the calculated Franck-Condon intensity distribu- 
tions with the experimental ones associated with the van der Waals mode 
b: of the (aniline-Ar) + cation, obtained by two-color ( 1 + 1’) REMPI 
via the following S, vibrational levels: (a) 0”; (b) b :; and (c) b z. Experi- 
mental intensities were normalized by the power of the ionization laser. 
terized in Fig. 9, from which it is suggested that &viVind may 
become large in the ground-state cation when the sign of D is 
plus. Consequently, a positive value of D seems preferable. 
The geometrical parameters of the aniline-Ar complex (in 
the So, S, , and Do states) are compared in Table III. 
E. The van der Waals vibration of (aniline-Ar,)+ 
The photoelectron vibrational progression due to the 
(aniline-Ar, ) + cation obtained via its S, origin showing a 
vibrational spacing of 11 cm- ’ is shown in an expanded 
scale in Fig. 10. For the neutral S, state, the frequencies of 
the “in-phase bending” (b, ) and “symmetric stretching” 
FIG. 9. A  schematic drawing of the HOMO of the aniline component in the 
aniline-Ar van der Waals complex. 
TABLE III. Geometrical parameters of the anilin*Ar van der Waals com- 
plex. 
State 4 (degree) 
S” 3.50” 10*s8” 1 
S, .3.42” 10*8”. 
Qb 3.42 18&8 
“From Ref. 11. 
“The cation in the ground state. 
(s,, ) van der Waals modes have been reported elsewhere to 
be 15 and 38.5 cm- ‘, respectively.” 
Since the (aniline-Ar, ) + cation should have C,, sym- 
metry, the totally symmetric vibrations b ,z and sZz are ex- 
pected to appear in the spectrum (Fig. 10) .,From the b 2 
and s,’ frequencies and the HOMO char&& (Fig. 9)) the 
11 cm -’ vibration may be assigned to the “in-phase bend- 
ing” mode (b ,j ) of the (aniline-Ar; ) + cation. 
Assuming that the normal coordinate for the b, axis is 
written aslo . :‘ 
Qbxs = 2-“2(~~xsj1’2(‘44 + 42i (4) 
we have obtained a ‘value of D = 3.44 for the 
(aniline-Ar, ) + cation from further Franck-Condon calcu- 
lations. The calculated Franck-Condon pattern is shown in 
Fig. 11. This D value (3.44) gives rise to a structural change 
of A$ = 8.8”. It is interesting to see that this change of 8.8? in 
the (aniline-Ar, ) + cation is of a comparable size to that of 
8.2” in the (aniline-Ar) + cation. -. 
oi2345 
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FIG. 10. A  threshold photoelectron spectrum of the aniline-Ar, van der 
Waals complex near the adiabatic ionization threshold is shown in an ex- 
panded scale, which was obtained by two-color ( 1 + 1’) REMPI via the S, 
origin. 
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FIG. 11. A comparison of the calculated Franck-Condon intensity distri- 
bution with the experimental one associated with the van der Waals mode 
b; of the (aniline-Ar,) + cation, which was produced by (1 + 1’) 
REMPI via the S, origin. Experimental intensities were normalized by the 
power of the ionization laser. 
IV. CONCLUSIONS 
From the present two-color REMPI experiments with a 
high-resolution threshold photoelectron analyzer, we have 
observed photoelectron vibrational progressions due to the 
jet-cooled (aniline-Ar, ) + van der Waals cations (n = 1 
and 2). The photoelectron vibrational structures have been 
interpreted in terms of the low-frequency van der Waals 
bending modes (b ,’ and b ,z ) of the cations. The main pho- 
toelectron vibrational structures have been reproduced with 
Franck-Condon calculations and the structural changes on 
photoionization have been estimated. From the present 
Franck-Condon consideration, we have concluded that the 
angle between the benzene ring and Ar is changed by 8.2” on 
photoionization of the van der Waals complex in the S, 
state. 
From the spectral shifts in the S, +-So transition energy 
and the ionization potential, it is also concluded that the 
aniline moiety of the van der Waals complexes is planar in 
the S, states as well as in the cation ground states, as is the 
case in the aniline molecule itself. This is not the case for the 
respective So states, however. It has also been found that the 
attachment of Ar to the (aniline) + cation changes its vibra- 
tional frequencies slightly. 
Clearly, such a two-color REMPI threshold photoelec- 
tron spectroscopy has enormous potential for the study of 
vibrational spectroscopy ofjet-cooled van der Waals cations, 
because individual complexes can be selected during the 
REMPI processes and the resulting energy levels of the ca- 
tions can be determined in a very high resolution. 
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